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• Must remove atmospheric CO2 in net
• Must be verifiable in a transparent manner
• Must be durable (CO2 sequestered must remain isolated from the atmosphere 

over a known planning horizon)
• Should contribute to the ≥ 20 Gt CO2 needed to be removed from the 

atmosphere (≥ 0.1 Gt CO2/y)
• Quantify intended environmental impacts & place bounds on the unintended
• Address the host of social, legal, regulatory, policy, and economic impacts and 

concerns associated with the CDR action
• Examine the biophysical & social interactions, synergies, additionalities & 

tensions among CDR approaches, mitigation, and adaptation 

After the NASEM (2022) Ocean CDR Research Agenda Report

General Requirements for Ocean CDR



CO2,i, Ni, etc. CO2,o, No, DOCo, etc.

Sequestered Biomass

Conveyance??

CO2,re, Nre, DOCre, POCre, etc.

Alterations to Upper Ocean Ecosystems
• Nutrient removal & shading 
• Reductions in primary production, 

carbon export & trophic exchanges
• Trace gas emissions (bromoforms, etc.)

Macrophyte Farm

Alterations to Deep Ocean Ecosystems
• Deoxygenation, acidification & 

eutrophication
• Alteration of deep faunal communities
• Added particulates affect filter feeding
• Production of other GHG’s (CH4, N2O, etc.)

Leakage = f(time, location, etc.)

Artificial upwelling 
of nutrients ??

air-sea CO2 equilibration

Seaweed CDR in a Nutshell 

After NASEM (2022)



Goal: Assess the efficacy & environmental impacts of seaweed CDR focusing on 
Giant Kelp & the US west coast building assuming that ARPA-E MARINER 
program’s goals are achievable. 

Questions to be answered:
• How does farm design, biomass packaging, conveyance to depth & 

farm/sequestration site control the efficacy of seaweed CDR?
• What is the displaced primary production & export? Will seaweed CDR work in 

net & how will it affect ecosystems & C cycling?
• What are the biogeochemical fates of macroalgae C during growth & after 

sequestration & how do they affect ocean ecosystems?
• Where is seaweed CDR best conducted?

Seaweed CDR Project



Approach: Develop numerical models to assess seaweed CDR efficacy & 
environmental impacts given a set of farm / sequestration scenarios 

Planned Project Steps: 
• Develop a set of plausible farm / sequestration scenarios, 
• Conduct Giant Kelp biomass & excreted DOM decomposition experiments over a 

range of packaging approaches & conditions, 
• Model the efficacy & impacts of each scenario on regional scales using ROMS & 

MARINER-developed models for large-scale farm,
• Link to global models providing sequestration time metrics, 
• Conduct spatial planning to evaluate appropriate sites, and 
• Establish & publish measurement protocols & other T2M activities

Seaweed CDR Project
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Seaweed CDR Project Model

Alterations to Upper Ocean Ecosystems
• Nutrient removal & shading 
• Reductions in primary production, 

carbon export & trophic exchanges
• Trace gas emissions (bromoforms, etc.)



So, what is needed for Seaweed CDR MRV?
Scale of the Problem: 

• Growing enough Giant Kelp to sequester 0.1 Gt CO2 / year will require at least 
70,000 km2 (~250 km on a side), which suggests a global network of farms

What is needed for Seaweed CDR MRV: 

• Regional scale numerical models & observations of key processes

• Validate models with in situ observations over range of conditions
Need to predict both CDR efficacy & impacts correctly 
May not need complete end-to-end pilot studies – farming can be assessed separate from 
sequestration of biomass on the seafloor

• Low-cost sensor systems for key observables for verification for at-scale CDR

• Extend to other macroalgae species with CDR potential 



CO2,i, Ni, etc. CO2,o, No, DOCo, etc.

Sequestered Biomass

Conveyance??

CO2,re, Nre, DOCre, POCre, etc.

Macrophyte Farm

Alterations to Deep Ocean Ecosystems
• Deoxygenation, acidification & 

eutrophication
• Alteration of deep faunal communities
• Added particulates affect filter feeding
• Production of other GHG’s (CH4, N2O, etc.)

Leakage = f(time, location, etc.)

Artificial upwelling 
of nutrients ??

air-sea CO2 equilibration

After NASEM (2022)

So, what is needed for Seaweed CDR MRV?

Alterations to Upper Ocean Ecosystems
• Nutrient removal & shading 
• Reductions in primary production, 

carbon export & trophic exchanges
• Trace gas emissions (bromoforms, etc.)



MRV for Large-scale Seaweed Farming

Knowledge Required:
• Evaluate the farmed seaweed before harvest

Seaweed biomass, C/N content, primary production, C/Chl, etc. 

• Assess environmental conditions “inside & outside” of farm environment
Nutrients, light, phytoplankton (abundance & community structure), CO2, DOC, DOC quality, mixing & residence 
times, higher trophic levels, etc.

• Measure carbon export & its vertical attenuation “inside & outside” of the farm
Sinking carbon flux as function of depth – More on this in Ken Buesseler’s talk

• Evaluate production and air-sea exchanges of trace gasses

Potential Measurement Systems:
• Instrumented autonomous vehicles surveying from “inside to outside” of the farm

Above water sensing (drones or satellites) may be useful for farms growing canopy forming species 

• Most sensors needed are of pretty high TRL with some exceptions (DOC, DOC quality, sinking 
C export fluxes, water mass residence times within farms, multi-freq acoustic sensors for seaweed biomass)



MRV for Conveying Seaweed Biomass to Depth
Issue:
• Durability is strong function of depth
• A reasonable goal is >2000 m or on seafloor 
• Need vertical profile of biomass degradation

Knowledge Required:

• Sinking rate of farmed biomass as function of packaging
Whole plants or farmed lines, bales of various sizes, masticated biomass, etc. 

• Degradation rates & products (DIC, DOC, POC, etc.) of biomass as function of packaging
Over a range of oceanographic conditions (T, O2, etc.) and depths

Potential Measurement Systems:
• Models can be created from field / laboratory experiments
• Validation of models may require autonomous vehicles capable of following sinking                                 

biomass & sampling the environment surrounding it 
• WHOI’s MESOBOT is designed to follow & study large organisms in the deep sea Yoerger et al. 2021



MRV for Fates of Sequestered Biomass

Knowledge Required:
• Fates of seaweed biomass within the water column & on seafloor

Degradation rates & products (DIC, DOC, POC, nutrients, O2 consumption, etc.) 

• Biogeochemical impacts (DpH, DO2, etc.) & their spatial extent above sequestration sites
Spatial mapping of the impacts around depositional sites as a function of the amount & packaging of biomass

• Ecological impacts on benthic sediment biogeochemistry & faunal communities
Spatial extent, magnitude and impacts as a function of the amount & packaging of biomass, characterize differences 
in sediment biogeochemistry & faunal communities due to the deposition of biomass on the seafloor

Potential Measurement Systems:
• Biogeochemical & imaging sensors on autonomous vehicles surveying depositional sites

Sensors to measure gradients in water column impacts (DpH, DO2, DDOC, etc.) & to provide data to constrain models of 
biomass decomposition, imagers to assess faunal distributions in water column & on seafloor

• Benthic observatories
Spatial mapping of the impacts around depositional sites as a function of the amount & packaging of biomass



Thoughts about Sensors for Seaweed CDR MRV
• Sensors & autonomous platforms already exist for many of the tasks

Off-the-shelf sensors for Chl, O2, NO3, pCO2, light levels, absorption & scattering, aggregate & metazoan 
imaging, export flux from imagery, benthic imagers, acoustic backscatter, as well as autonomous vehicles, 
docking stations, underwater navigation, etc. all exist today. That said, improvements are needed!!
Algorithms have been developed that relate these electronic measurements to carbon stocks & fluxes

• High-throughput sensors for DOC & DOC quality
Outside of terrestrially dominated ocean environments, colored DOM does not relate well to DOC
Some hope with UV-C wavelengths (≤ 280 nm) for both DOC & quality indices (polyphenols)

• High-throughput sensors for eDNA
eDNA can target specific taxa or provide broad biodiversity info – need assessments of eDNA fates
Environmental Sample Processer is great – but relatively low sample throughput – eDNA on a chip??

• Seafloor observatories for assessing impacts of “at scale” biomass inputs
Spatial assessment of sediment profiles, faunal mapping, AUV surveying, etc.

• Challenge will be creating observational systems to provide actionable MRV info –points to 
the importance of creating validated system models & deploying OSSE for system design



Thank you for your attention!!



Extra slides…



Optical Sediment Trap (OST)

Physical interception and optical detection of sinking particles 
Direct flux measurement = no need to assume particle sinking speed
Carbon content must be inferred from light attenuation or images   

 4 

the pilot inclusion rate. Based on these projections and an estimated cost to market of US$1.5M, the 
break-even point is not expected until around FOY 4, representing a significant barrier to entry for 
development without external funding via programs such as  NSF STTR.  

2.4 Risks 
The most relevant risk is that ocean biogeochemistry and carbon cycle programs (GO-BGC and others) 
may be cancelled, or focus may shift internally within programs and funding agencies. However, to date 
the international community has shown continuously increasing investment in these interests, with major 
new funding associated with programs such as NSF GO-BGC. The executive administration in the United 
States has announced that a major new climate initiative will be coming soon, and the US has reentered 
the Paris climate change accord. 

The ongoing (or a similar future) pandemic could be a risk. However, Sequoia has been able to maintain 
full operations in a carefully controlled, socially distanced work environment without any infections from 
the current COVID-19 pandemic. Continued postponement of international conferences could be 
problematic, as Sequoia gets significant exposure to the research community through such events. We 
would likely need to pursue more involvement in virtual meetings if social gatherings continued to be 
discouraged. 

Adoption of the sensor by the BGC-Argo community is a key aspect of our plan for early adoption, as this 
provides the background required for approval to be included as a standard sensor. Our project team is 
dedicated to working closely with this scientific community as well as float manufacturers to ensure a 
positive experience in using the sensor and resulting data. 

3 The Technical Solution  
3.1 Technical Basis of the Solution 
The earliest measurements of ocean sinking particle fluxes from autonomous platforms were conducted 
with transmissometers (Figure 1), which are designed to measure the optical beam attenuation coefficient 
due to particles (cp), a standard proxy for the concentration of suspended particulate organic carbon 
(Bishop, 1999). Bishop et al. (2004) observed an upward drift in cp measured aboard a float drifting at 
depth in between profiles, and 
attributed this to the accumulation of 
settling particles on the upward-
looking optical window of the 
transmissometer. Further 
deployments (Bishop & Wood, 2009; 
Estapa et al., 2013) and efforts to 
intercalibrate the proxy with direct 
particle flux measurements (Estapa et 
al., 2017, 2020; Estapa, Feen, et al., 
2019) confirmed that optical detection 
of sinking particles could be used as a 
quantitative proxy for particle flux 
during long-term deployments, even 
with a transmissometer meant for 
suspended particle detection. 
However, these studies also revealed 
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Figure 1 – Schematic illustrating prior studies’ use of a 
transmissometer as an optical sediment trap to detect
sinking particle flux. a) Design of transmissometer housing,
with path taken by hypothetical particle to land on upward-
facing optical detector window. b) Depth vs. time pattern of
simplified profiling float cycle (omitting deep descent phase
for clarity), showing particle flux data collection during drift.  4 

the pilot inclusion rate. Based on these projections and an estimated cost to market of US$1.5M, the 
break-even point is not expected until around FOY 4, representing a significant barrier to entry for 
development without external funding via programs such as  NSF STTR.  

2.4 Risks 
The most relevant risk is that ocean biogeochemistry and carbon cycle programs (GO-BGC and others) 
may be cancelled, or focus may shift internally within programs and funding agencies. However, to date 
the international community has shown continuously increasing investment in these interests, with major 
new funding associated with programs such as NSF GO-BGC. The executive administration in the United 
States has announced that a major new climate initiative will be coming soon, and the US has reentered 
the Paris climate change accord. 

The ongoing (or a similar future) pandemic could be a risk. However, Sequoia has been able to maintain 
full operations in a carefully controlled, socially distanced work environment without any infections from 
the current COVID-19 pandemic. Continued postponement of international conferences could be 
problematic, as Sequoia gets significant exposure to the research community through such events. We 
would likely need to pursue more involvement in virtual meetings if social gatherings continued to be 
discouraged. 

Adoption of the sensor by the BGC-Argo community is a key aspect of our plan for early adoption, as this 
provides the background required for approval to be included as a standard sensor. Our project team is 
dedicated to working closely with this scientific community as well as float manufacturers to ensure a 
positive experience in using the sensor and resulting data. 

3 The Technical Solution  
3.1 Technical Basis of the Solution 
The earliest measurements of ocean sinking particle fluxes from autonomous platforms were conducted 
with transmissometers (Figure 1), which are designed to measure the optical beam attenuation coefficient 
due to particles (cp), a standard proxy for the concentration of suspended particulate organic carbon 
(Bishop, 1999). Bishop et al. (2004) observed an upward drift in cp measured aboard a float drifting at 
depth in between profiles, and 
attributed this to the accumulation of 
settling particles on the upward-
looking optical window of the 
transmissometer. Further 
deployments (Bishop & Wood, 2009; 
Estapa et al., 2013) and efforts to 
intercalibrate the proxy with direct 
particle flux measurements (Estapa et 
al., 2017, 2020; Estapa, Feen, et al., 
2019) confirmed that optical detection 
of sinking particles could be used as a 
quantitative proxy for particle flux 
during long-term deployments, even 
with a transmissometer meant for 
suspended particle detection. 
However, these studies also revealed 

De
pt
h

Time

sink to drift 
depth

5-10d drift phase, collect 
attenuanceflux data

profile upward, 

transmit/receive
ab

Figure 1 – Schematic illustrating prior studies’ use of a 
transmissometer as an optical sediment trap to detect
sinking particle flux. a) Design of transmissometer housing,
with path taken by hypothetical particle to land on upward-
facing optical detector window. b) Depth vs. time pattern of
simplified profiling float cycle (omitting deep descent phase
for clarity), showing particle flux data collection during drift. 

 

4 

the p
ilot inclusion rate. B

ased o
n th

ese projections a
n
d an estim

ate
d cost to m

arket of U
S
$1

.5M
, th

e 

break-even p
oint is not exp

ected u
ntil aroun

d F
O

Y
 4, representing a sign

ifica
nt b

a
rrier to e

ntry for 

developm
ent w

ithout external fund
ing

 via program
s such as  N

S
F
 S

T
T
R
.  

2.4 
R
isks 

T
he m

ost relevant risk is that ocea
n b

iog
eoch

em
istry a

nd carbo
n cycle program

s (G
O

-B
G

C
 and oth

ers) 

m
ay be ca

ncelle
d, or focus m

ay shift interna
lly w

ith
in p

rogram
s a

nd fund
ing

 ag
encies. H

o
w
ever, to

 da
te 

the internation
al com

m
u
nity has show

n continu
ously increasing investm

ent in these interests, w
ith m

ajor 

new
 fund

ing
 associated w

ith progra
m

s such as N
S
F
 G

O
-B

G
C
. T

he executive ad
m

in
istration in the U

nited 

S
tates has a

nno
unced

 tha
t a m

ajor n
ew

 clim
ate initiative w

ill be com
ing soo

n, and the U
S
 h

as reentered 

the P
aris clim

ate ch
ang

e a
ccord. 

T
he on

go
ing

 (or a sim
ilar fu

ture) pa
nde

m
ic cou

ld be a risk. H
ow

ever, S
e
quo

ia has been
 ab

le to m
aintain 

full op
erations in a

 carefu
lly controlle

d, socially dista
nced w

ork e
nviron

m
en

t w
itho

ut any infections from
 

the current C
O

V
ID

-19 p
and

em
ic. C

ontinued postpone
m

ent of internation
al co

nferences could b
e 

problem
atic, as S

e
quo

ia ge
ts significan

t exposure to the research com
m

un
ity thro

ugh such events. W
e 

w
ould likely nee

d to
 pursue

 m
ore invo

lvem
ent in virtu

al m
eetings if social gatherin

gs continue
d to be 

discourag
ed. 

A
do

ption of th
e sensor by the B

G
C
-A

rgo co
m

m
unity is a key aspect of our plan fo

r early ad
option

, as th
is 

provides the backgroun
d re

quire
d for approva

l to be
 in

clude
d as a stand

ard sensor. O
ur project tea

m
 is 

ded
icated

 to w
orking

 close
ly w

ith this scie
ntific com

m
unity as w

ell as float m
anufa

cturers to ensure a 

positive experience in
 using the

 sensor a
nd resulting data. 

3 
T
he T

echnical S
olution  

3.1 
T
echnical B

asis of the S
olution 

T
he earliest m

e
asurem

ents of ocean sinking
 particle fluxes from

 a
uto

nom
ous p

latform
s w

ere co
nducted 

w
ith transm

issom
eters (F

ig
ure 1), w

hich are d
esign

ed to m
easure the o

ptica
l b

ea
m

 attenu
ation coefficient 

due to p
articles (c

p), a stan
dard proxy for the concentration of suspen

ded particulate org
an

ic carbon 

(B
isho

p, 1
999). B

ish
op et a

l. (20
04) o

bserved a
n up

w
a
rd drift in c

p m
easured a

boa
rd a float driftin

g at 

depth in be
tw

ee
n pro

files, a
nd 

attributed
 th

is to the accu
m

ulation of 

settling particles on
 the

 up
w
ard-

looking optical w
indow

 of th
e 

transm
issom

eter. F
urther 

dep
loym

ents (B
ishop &

 W
o
od, 2

009
; 

E
stapa

 et al., 20
13) a

nd e
fforts to 

interca
librate the proxy w

ith
 direct 

particle flux m
easurem

ents (E
stapa et 

al., 201
7, 2020

; E
stapa, F

een, e
t a

l., 

2019) co
nfirm

ed that optica
l de

tection 

of sinking particles cou
ld b

e used as a 

quan
titative proxy for particle flux 

during long-term
 d

ep
loym

ents, even 

w
ith a transm

issom
eter m

e
ant for 

suspende
d p

article de
tectio

n. 

H
ow

ever, these stu
dies also revealed 

Depth

T
im

e

sin
k to

 drift 

d
e
pth 5

-1
0

d
 drift p

h
a
se

, co
llect 

a
tte

n
u
a
nce

flu
x d

a
ta

p
ro

file
 u

pw
a
rd

, 

tra
n
sm

it/re
ce

ive

a

b

F
ig

u
re

 
1
 
–
 
S
ch

e
m

a
tic 

illu
stra

tin
g
 
p
rio

r 
s
tu

d
ie

s’ 
u
se

 
o
f 

a
 

tra
n
sm

isso
m

e
te

r 
a
s 

a
n
 
o
p
tica

l 
se

d
im

e
n
t 

tra
p
 
to

 
d
e
te

ct

sin
k
in

g
 p

a
rticle

 flu
x. a

) D
e
sig

n
 o

f tra
n
s
m

isso
m

e
te

r h
o
u
s
in

g
,

w
ith

 p
a
th

 ta
ke

n
 b

y h
yp

o
th

e
tica

l p
a
rticle

 to
 la

n
d
 o

n
 u

p
w
a
rd

-

fa
c
in

g
 o

p
tica

l d
e
te

c
to

r w
in

d
o
w
. b

) D
e
p
th

 vs. tim
e
 p

a
tte

rn
 o

f

sim
p
lifie

d
 p

ro
filin

g
 flo

a
t cycle

 (o
m

ittin
g
 d

e
e
p
 d

e
sce

n
t p

h
a
se

fo
r cla

rity), sh
o
w
in

g
 p

a
rticle

 flu
x d

a
ta

 co
lle

ctio
n
 d

u
rin

g
 d

rift. 

“OST V1” = 
transmissometer

OST signal of sinking particles over 18-24 hr
at BATS- Estapa et al. 2013

Aug 5July 30

July 15, 2012

Estapa et al., Bishop et al.

OST at BATS



10-3 10-2 10-1 100

Beam attenuance flux (m2 m-2 d-1)

100

102

PO
C

 fl
ux

 (m
g 

m
-2

 d
-1

)

R2 = 0.90, n = 36

y = 6.33e+02 * x0.77

10-4 10-3 10-2 10-1 100

Diffuse attenuance flux (m2 m-2 d-1)

100

102

PO
C

 fl
ux

 (m
g 

m
-2

 d
-1

)

R2 = 0.67, n = 43

y = 1.32e+03 * x0.74

10-4 10-3 10-2 10-1 100

Diffuse attenuance flux (m2 m-2 d-1)

10-4

10-2

100

Be
am

 a
tte

nu
an

ce
 fl

ux
(m

2  m
-2

 d
-1

)

R2 = 0.94, n = 21
y = 1.70e+00 * x0.92

Subtropical N Pacific
Subpolar E Atlantic - PAPSO - DY077
New England coastal
Subpolar N Pacific - OSP
Subpolar E Atlantic - PAPSO - EXPORTS
Subtropical N Atlantic - BATS
California coastal - CCE LTER

10-3 10-2 10-1 100

Beam attenuance flux (m2 m-2 d-1)

100

102

PO
C

 fl
ux

 (m
g 

m
-2

 d
-1

)

R2 = 0.90, n = 36

y = 6.33e+02 * x0.77

10-4 10-3 10-2 10-1 100

Diffuse attenuance flux (m2 m-2 d-1)

100

102

PO
C

 fl
ux

 (m
g 

m
-2

 d
-1

)

R2 = 0.67, n = 43

y = 1.32e+03 * x0.74

10-4 10-3 10-2 10-1 100

Diffuse attenuance flux (m2 m-2 d-1)

10-4

10-2

100

Be
am

 a
tte

nu
an

ce
 fl

ux
(m

2  m
-2

 d
-1

)

R2 = 0.94, n = 21
y = 1.70e+00 * x0.92

Subtropical N Pacific
Subpolar E Atlantic - PAPSO - DY077
New England coastal
Subpolar N Pacific - OSP
Subpolar E Atlantic - PAPSO - EXPORTS
Subtropical N Atlantic - BATS
California coastal - CCE LTER

Data compilation from published and unpublished sources: Estapa (UMaine), Durkin 
(MBARI), Omand (URI), Buesseler (WHOI), Baker (NOC).  

Beam attenuance flux and POC flux are strongly related 
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Onset of high flux from bloom starts on May 17th



Nelson & Siegel (2013)
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